Background-Abdominal aortic aneurysm (AAA) expansion is characterized by extracellular matrix degradation and widespread inflammation. In contrast, the processes that characterize AAA rupture are not well understood. The aim of this study was to investigate the proteolytic and cellular activity of ruptured AAA, focusing on matrix metalloproteinases (MMPs) and their inhibitors (TIMPs). Methods and Results-Anterior aneurysm wall biopsies were taken from 55 nonruptured and 21 ruptured AAAs. A further biopsy from the site of rupture was taken from 12 of the ruptured AAAs. MMP-1, -2, -3, -8, -9, and -13, as well as TIMP-1 and -2, were quantified in each biopsy with ELISA. A comparison of anterior aneurysm biopsies showed no difference in MMP or TIMP concentrations between nonruptured and ruptured AAA. In a comparison of ruptured AAA biopsies, MMP-8 and -9 levels were significantly elevated in the 12 rupture site biopsies compared with their 12 paired anterior wall biopsies, whereas other MMPs and TIMPs showed no difference (MMP-8, PϽ0.001; MMP-9, Pϭ0.01). MMP-8 and -9 expression was mediated by native mesenchymal cells and was independent of the inflammatory infiltrate. Conclusions-A localized increase in MMP-8 and -9, mediated by native mesenchymal cells, presents a potential pathway for collagen breakdown and AAA rupture. (Circulation. 2006;113:438-445.) Key Words: aneurysm Ⅲ inflammation Ⅲ metalloproteinases Ⅲ rupture T he formation and expansion of an abdominal aortic aneurysm (AAA) are characterized by extracellular matrix degradation, increased proteolytic activity, and an inflammatory cell infiltrate. 1,2 Fragmentation of elastin fibers and a reduction in elastin concentration appear to be mediated by increased concentrations of matrix metalloproteinases (MMPs) secreted by various cell types within the aortic wall. 3 With progressive loss of elastin, established AAAs are composed largely of collagens types I and III. 4
Clinical Perspective p 445
It seems reasonable to suggest that the final common pathway leading to aortic rupture might involve proteolytic degradation of the collagen matrix. This concept was first investigated by Dobrin et al, 5 who investigated the proteolytic effects of purified collagenase and elastase on isolated arterial tissue perfused at supraphysiological pressures. Treatment with elastase caused the vessels to dilate markedly and become less compliant but was not related to rupture. In contrast, treatment with collagenase caused the blood vessels to dilate, become more compliant, and rupture. These findings supported the hypothesis that elastin degradation was a key step in aneurysmal dilatation but that collagen degradation was ultimately required for AAA rupture.
The role of MMPs in initiating AAA formation has been extensively delineated 6 compared with only a limited number of studies examining MMP changes associated with continued AAA expansion and rupture. [7] [8] [9] [10] The aim of this study was to investigate the role of the potential collagenolytic MMPs in AAA rupture.
Methods

Study Design
Local research ethics committee approval for the study was obtained, and written consent was obtained from all patients. Two patient groups were studied: 55 patients with nonruptured AAAs undergoing elective repair and 21 patients with ruptured AAAs undergoing emergency surgery. The maximum external diameter of each nonruptured AAA was determined from a preoperative CT. The diameter of each ruptured AAA was measured intraoperatively.
Patient demographic information included age, gender, smoking history (current or ex-smoker of Ͻ10 years versus nonsmoker or ex-smoker of Ͼ10 years), presence of a cardiovascular event (documented myocardial infarction, cerebrovascular or peripheral vascular disease, angina requiring medication), hypertension (requiring medication), and diabetes (requiring medication or dietary modification). Cardiovascular medication was also recorded (statin, ␤-blocker, calcium channel blocker, acetylcholine esterase inhibitor, and nonsteroidal antiinflammatory).
Tissue Collection
Aortic wall biopsies were obtained intraoperatively from the anterior aneurysm wall 5 cm distal to the left renal vein in all nonruptured and ruptured AAAs. When identified, an additional biopsy from each ruptured AAA was taken from the edge of the rupture site in 12 patients. Of the 12 identified rupture sites, 10 were posterior and 2 were anterior. No rupture site coincided with the site of anterior aneurysm wall biopsy. All biopsies were divided in 2, fixed in 4% paraformaldehyde, embedded in paraffin wax or washed in saline, dissected of luminal thrombus and adipose tissue, and frozen in liquid nitrogen.
MMP Quantification
MMPs and their endogenous tissue inhibitors (TIMPs) were extracted from tissues by an established methodology. 11 In brief, frozen aortic biopsies were thawed and then homogenized in a volume of buffer solution directly proportional to the wet weight of the aortic biopsy. After centrifugation (12 000 rpm for 60 minutes at 4°C), the supernatant containing soluble protein extract was dialyzed (overnight at 4°C). The concentration of each protein extract was then standardized to 1 mg/mL by spectrophotometry.
ELISA kits (Amersham Pharmacia Biotech) were used to quantify the following MMPs from each protein extract: MMP-1, MMP-2, MMP-3, MMP-13, TIMP-1, TIMP-2 (total [t] levels for all), MMP-8, and MMP-9 (total [t] and active fraction [a] for both). The final concentration of each MMP and TIMP was expressed as nanograms of target protein per milligram of protein extract.
The MMP-8 and MMP-9 activity ELISAs use the proform of a detection enzyme, which undergoes proteolytic activation by the active form of MMP-8 or MMP-9. The degree of detection enzyme activation is then quantified with a chromogenic peptide substrate. Total MMP-8 and MMP-9 levels are measured by the same assay after the conversion of inactive MMP to the active form by the action of aminophenylmercuric acid. Assays measuring only total MMP or TIMP levels use conventional sandwich ELISA formats.
Histological Analysis
Anterior aneurysm wall biopsies from nonruptured (nϭ55) and ruptured (nϭ21) AAAs were analyzed, along with site of rupture biopsies (nϭ12). Five histological sections from each biopsy were stained with hematoxylin and eosin. Sections were examined for the presence of red blood cell contamination and evaluated by an investigator (JLJ) blinded to the site of each biopsy site.
MMP Immunohistochemistry and Colocalization Studies
Immunohistochemistry (IHC) for MMP-8 and MMP-9 was performed on a representative group of paired biopsies from ruptured AAAs. Histological sections were dewaxed in xylene and rehydrated through graded alcohols to water. Antigen retrieval was achieved with 0.1% trypsin solution in 0.1% calcium chloride, buffered to pH 7.8 (37°C for 12 minutes). After addition of the primary antibody for 1 hour at room temperature (either monoclonal MMP-8 [1:50] R&D Systems or MMP-9 [1:100] Novocastra Laboratories), the EnVision Detection System (EnVision, Dako) was used according the manufacturers instructions with washes between each step with PBS. Diaminobenzidine (Dako) at a concentration of 0.05% was added to each slide (room temperature for 10 minutes). The sections were then washed in distilled water, counterstained with hematoxylin for 15 seconds, and washed in tap water. Finally, the sections were dehydrated in absolute alcohol and mounted from clean xylene in mounting medium. Microscopically, areas of immunoreactivity were visualized as dark brown staining, demonstrating the diaminobenzidine being oxidized.
Colocalization studies for mesenchymal cells (anti-human vimentin 
Morphometric Quantification of Cellular Content
Further IHC for mesenchymal cells, SMCs, lymphocytes, macrophages, and neutrophils was conducted on sections of nonruptured and ruptured AAA biopsies as detailed above. Quantification of the IHC staining was undertaken with a Nikon E800 microscope with an attached JVC KYF50 3 chip color video camera linked to an Apple G3 computer through a Scion CG-7 frame grabber. Images were analyzed with the freeware package NIH Image automated by in-house macros. In each case, the aortic adventitia was distinguished. Background illumination was digitally subtracted from each image before thresholding at a preset level, which distinguished consistently between stained and nonstained areas. A percentage area fraction of immunostaining per field area was calculated for each aneurysm biopsy from the mean of 10 images taken over 5 stained sections.
MMP In Situ Hybridization
Nonisotopic in situ hybridization (ISH) was performed for MMP-8 and MMP-9 mRNA on a representative group of paired biopsies from ruptured AAAs. Digoxigenin-labeled oligonucleotide cocktails were based on published sequences: MMP-8 12 
: 5Ј-T C G A C A G T C T C C G A C T C C A T C T T T C T C G A T-3Ј; 5Ј-C G G A A C G A C A G A G G G T T G A T A C G A A A G T C C-3Ј; 5Ј-T T G T A T G A A G A A A C A T T T A C T G G T T A A G A C-3Ј; and 5Ј-T C T T G A T C T A A A A C C A A T C T T C A T T C C T A A-3Ј; MMP-9 13 : 5Ј-A C T G G C A G G G T T T C C C A T C A G C A T T G C C G T-3Ј , 5Ј-T C C G G C A C T G A G G A A T G A T C T A A G C C C A G C-3Ј, 5Ј-G T T G C A G G C A T C G T C C A C C G G A C T C A A A G G-3Ј, and 5Ј-G C T C C C C C T G C C C T C A G A G A A T C G C C A G T A-3Ј.
Histological sections were pretreated with proteinase K solution (4 g/mL, 37°C for 20 minutes). The sections were incubated (65°C for 15 minutes, 37°C for 2 hours) in a hybridization solution (30% formamide, 0.6 mol/L NaCl, 10% dextran sulfate, 50 mmol/L Tris, pH 7.5, 0.1% sodium pyrophosphate, 0.2% Ficoll, and 5 mmol/L EDTA) containing either MMP-8 or MMP-9 oligonucleotide cocktails (or the respective sense equivalent as a control). Stringency washes were carried out with 2ϫ standard citrate saline/30% formamide (37°C for 10 minutes). The sections were incubated with filtered bovine serum solution (10 minutes). Oligonucleotide detection used 100 L antidigoxigenin alkaline phosphates (1 hour), followed by 5-bromo-4-chloro-3-indylphosphate and nitroblue tetrazolium (12 hours).
Statistical Analysis
Statistical analysis used GraphPad Prism 5. Discrete variables were presented as numbers and percentages and compared by use of Fisher's exact test. The continuous variable age was normally distributed, presented as a mean (and SD), and compared by use of the independent t test. Other continuous variables were nonnormally distributed, reported as a median and interquartile range (AAA diameter, MMP levels, TIMP levels, and cellular quantification data), and compared by use of the Mann-Whitney U test or Wilcoxon paired test. Spearman's correlation was used to test for correlations. Statistical significance was assumed at the PϽ0.01 level.
Results
Patient Demographics
The clinical features of the nonruptured and ruptured AAA patient cohorts are described in Table 1 . Median AAA diameter was greater in ruptured than nonruptured AAA. There were no other differences in the characteristics of the study cohorts.
MMP and TIMP Concentrations in Nonruptured AAA: Correlation With Size
All the MMPs and TIMPs studied were detected by ELISA in the anterior aneurysm wall of nonruptured AAAs. There were no significant correlations between AAA diameter and enzyme concentrations ( Table 2 ). These data suggested that there was no increase in the proteolytic capacity of the anterior aneurysm wall as the aneurysm sac increased in diameter. The ruptured AAA cohort was not included in this analysis because of difficulties in accurately determining diameter.
MMP and TIMP Concentrations in Anterior Aneurysm Wall Biopsies From Nonruptured and Ruptured AAAs
There were no differences in the median levels of the MMPs and TIMPs within anterior aneurysm wall biopsies from ruptured and nonruptured AAA ( Table 3 ). These data strongly suggested that aneurysm rupture was not associated with a global change in MMP concentration throughout the aneurysm sac. Therefore, further analysis was performed to investigate any local differences within ruptured AAAs comparing the anterior aneurysm wall and the site of rupture. Table 4 details the paired biopsies from the anterior aneurysm wall and edge of rupture site from ruptured AAAs. There were no statistical differences in the concentrations of MMP-1(t), MMP-2(t), MMP-3(t), and MMP-13(t) or the inhibitors TIMP-1(t) and TIMP-2(t) between the paired rupture biopsies.
MMP and TIMP Concentrations in Anterior Aneurysm Wall and Site of Aortic Rupture Biopsies From Ruptured AAAs
In contrast, the concentrations of total MMP-8 and MMP-9 were significantly elevated in biopsies from the site of aortic rupture compared with the paired biopsies of the anterior aneurysm wall: MMP-8(t), 43.6 ng/mg (range, 20.1 to 79.3 ng/mg) versus 17.0 ng/mg (range, 14.2 to 21.7 ng/mg) (PϽ0.001); MMP-9(t), 87.1 ng/mg (range, 56.3 to 113 ng/mg) versus 21.2 ng/mg (range, 7.79 to 75.5 ng/mg) (Pϭ0.010). Furthermore, the active-fraction concentration of MMP-8 and -9 was significantly higher at the site of rupture: MMP-8(a), 10.3 ng/mg (range, 3.98 to 16.0 ng/mg) versus 2.80 ng/mg (range, 2.26 to 7.75 ng/mg) (Pϭ0.005); MMP-9(a), 12.2 ng/mg (range, 7.77 to 16.2 ng/mg) versus 6.24 ng/mg (range, 4.43 to 15.5 ng/mg) (Pϭ0.008). These differences suggested that there were selectively increased concentrations of 2 MMPs at the actual site of aortic rupture, which implicated these enzymes in the rupture process.
Histological Analysis
All biopsies from the anterior aneurysm wall and rupture site demonstrated destruction of the intima and media and prominence of vasa vasorum, which may represent neo-vascularization. Examination of all nonruptured and ruptured AAA biopsies showed no red blood cell contamination (Figures 1a, 2a, 3a, and 4a ).
IHC and Colocalization Studies
IHC for MMP-8 and MMP-9 was performed on paired biopsies from ruptured AAAs. MMP-8 and MMP-9 were present at both the anterior aneurysm wall and rupture site biopsies with prominent adventitial staining for both MMPs (Figures 1b, 2b,  3b, and 4b) . ␣-SMA and vimentin-antigen immunostaining was noted throughout the anterior aneurysm wall and rupture site biopsies. A significant colocalization for ␣-SMA and vimentin with MMP-8 and MMP-9 was observed (circled areas in Figure  1 through Figure 4 ). The expression of CD-45 and CD-68 was observed principally around the vasa vasorum (Figures 1f, 2f, 3f , and 4f and Figures 1e, 2e , 3e, and 4e , respectively). Although present, IHC expression of CD-15 was low in all histological sections (Figures 1g, 2g, and 3g) , with some sections demonstrating no neutrophils (Figure 4g ). Overall, the colocalization of ␣-SMA to MMP-8 and -9 was slightly less consistent than that of vimentin, with occasional areas of vimentin-positive but ␣-SMA-negative MMP staining observed. ␣-SMA denotes SMCs; however, myofibroblasts and endothelial cells may also express ␣-SMA. 14 The vimentin antigen is present on mesenchymal cells, including fibroblasts and SMCs. The close localization of MMP-8 and MMP-9 staining with ␣-SMA and vimentin and the failure of CD-68, CD-45, and CD-15 to colocalize, indicates the cellular source of these MMPs in the human aorta to be the native mesenchymal cells-fibroblasts, SMCs, or a myofibroblast intermediate. Table 5 details the quantitative morphological data taken from the anterior aneurysm wall biopsies of nonruptured and ruptured AAA. Overall, there was no difference in any observed parameter, with the percentage area fraction of immunostaining for CD-15, CD-45, CD-68, ␣-SMA, and vimentin comparable between AAA groups. Table 6 compares the quantitative morphological data from ruptured AAAs at the anterior aneurysm wall and the site of rupture. The percentage area fraction of CD-15, CD-68, ␣-SMA, and vimentin failed to demonstrate significant differences between biopsy sites. Of note, however, the percentage area fraction of CD-45 was lower at the rupture site compared with paired anterior aneurysm wall biopsies (3.23% [range, 1.47% to 7.30%] versus 6.38% [range, 3.56% to 13.9%]; Pϭ0.005).
Morphometric Quantification of Cellular Content
In Situ Hybridization
ISH performed on paired rupture biopsies demonstrated MMP-8 and MMP-9 mRNA within the AAA wall at both the anterior aneurysm wall and the rupture site (Figures 1i, 2i, 3i, and 4i ), supporting the native mesenchymal cell as the primary source of these 2 MMPs within the aneurysm wall.
Controls
Negative IHC controls confirmed the absence of nonspecific immunostaining in aneurysm biopsies (Figures 1h, 2h, 3h , and 4h). Negative ISH controls using complementary sense oligonucleotide sequences returned no positivity (Figures 1j, 2j, 3j,  and 4j ).
Discussion
The structural integrity of the aorta depends on elastin and fibrillar collagen types I and III. 14, 15 The in vitro model of Dobrin et al 5 suggests that loss of elastin is responsible for early aortic expansion, whereas late expansion and rupture are modulated by collagen breakdown. The principal group of endogenous proteases implicated in aneurysm pathobiology are the MMPs. Traditionally, MMPs are subgrouped according to their substrate specificity: elastases MMP-2 and -9; collagenases MMP-1, -8, and -13; and stromelysin MMP-3. This classification is somewhat arbitrary because MMP-2 and -9 are now recognized to possess activity against partially degraded type I and III collagen 16, 17 and MMP-3 to activate tissue procollagenases. 18 The elevation of MMP-2 and MMP-9 at protein level is well described in AAAs, 7, 10 and their critical role in AAA formation is supported by gene knockout studies. 6 Similarly, elevation of MMP-1, MMP-8, and MMP-13 is described in AAA. 1, 19, 20 Increased MMP-3 is reported at the transcription level, 21 but protein concentrations of MMP-3 have not previously been described in aortic tissue. Reporting of TIMP levels in AAAs compared with normal controls is inconsistent, with some authors suggesting elevated and others observing decreased TIMP expression. 20, 22 The biochemical and cellular events associated with rupture of an abdominal aortic aneurysm have not been studied extensively. Hypothetically, 2 mechanisms might be considered to contribute to AAA rupture, namely a global or a local change in proteolytic activity. Because the incidence of aneurysm rupture increases as aortic diameter increases, it might be expected that global proteolytic capacity might increase as the aneurysm diameter increases, leading to an eventual threshold at which the capacity of the aortic wall to resist proteolytic degradation is exceeded and rupture ensues. Alternatively, the global proteolytic capacity of the aneurysm may remain unchanged, with an increased, intense, localized proteolysis in vulnerable portions of the aneurysm wall leading to localized collagen degradation and rupture.
A global elevation in MMP concentration has not been convincingly demonstrated in aneurysms of progressing diameter. Freestone et al 7 described more prominent MMP-9 immunostaining in AAAs Ͼ5.5 cm in contrast to AAAs of a smaller diameter but observed a reciprocal result with MMP-2. Sakalihasan et al 10 revealed that activated MMP-9 was present in AAAs with a mean diameter of 7.5 cm but was absent in AAAs 8 demonstrated higher transcription levels of MMP-9 in mediumsized aneurysms (diameter, 5 to 6.9 cm) compared with both smaller and larger aneurysms. 8 These data were interpreted to suggest that increased MMP-9 expression was related to the continued expansion of moderate-sized aneurysms, but the lower levels of MMP-9 expression in aneurysms Ͼ7 cm implied that the high rupture rates in large aneurysms were related to other factors. The present study did not demonstrate any positive relationship between AAA diameter and MMP concentration, which would suggest that there is no global elevation in proteolysis with increasing aneurysm size. The current investigation also revealed that there was no difference in MMP concentrations between the anterior aneurysm wall of ruptured and nonruptured aneurysms. These data provide further evidence that a global upregulation of protease activity is not responsible for aneurysm rupture. Similar findings were reported by Peterson et al, 9 who compared protein levels of MMP-9 and MMP-2 in stable and ruptured aneurysms. Unfortunately, the biopsy sites were not described in detail, but the findings did not suggest any clear difference in MMP-2 or -9 between these 2 groups overall.
If global changes in the aneurysm wall do not lead to rupture, it is possible that rupture may result from a localized process of elevated stress forces, resulting in accelerated matrix degradation. Vallabhaneni et al, 23 reported clear differences in the tensile properties of nonaneurysmal aorta in the longitudinal and transverse directions and suggested that such anisotropy exists in aneurysms. A marked heterogeneity and high intersubject variation in aneurysm wall strength suggested that there were focal areas of weakened aortic wall, pointing to localized "hot spots" of MMP hyperactivity. 23 Fillinger et al 24 reported the study of 103 patients with initial aneurysm wall stress determined by finite-element analysis. Follow-up for 1 year, with 42 noninterventions, 39 elective repairs, and 22 emergency repairs, showed that initial peak wall stress correlated with the subsequent site of aneurysm rupture. 24 Furthermore, Vorp et al 25 found that wall stress increased substantially within asymmetric bulges of the aneurysm wall.
Data from the present investigations have revealed that there was a localized increase in MMP-8 and MMP-9 concentrations at the site of aortic rupture. Histological studies have demonstrated that these elevated enzyme levels were not associated with exogenous blood contamination or inflammatory infiltrate. The presence of MMP-9 is important not only because it appears to influence all stages of AAA pathogenesis but also because its substrate specificity toward partially degraded fibrillar collagen fragments 17 complements the action of MMP-8, a potent type I collagenase. 26 Given the predominance of type I collagen over type III in the aneurysmal aorta, 4 the elevation of MMP-8 at the site of rupture is indeed significant and supports the original data of Dobrin et al. 5 MMP-8 transcription was considered to occur only in maturing bone marrow-associated neutrophils. 27 This assumption was rejected with the finding of MMP-8 transcripts in articular chondrocytes, synovial fibroblasts, 28 and subsequently vascular-associated endothelial cells, macrophages, and SMCs. 12 The presence of MMP-8 in the anterior aneurysm wall and rupture site, however, conflicts with data from Carrell et al, 21 who were not able to detect MMP-8 transcripts in 8 aneurysm biopsies. The high levels of MMP-8 protein in the present study may reflect the fact that MMP-8 is stored as preformed protein granules and thus mRNA levels may not be representative of protein concentration. 19 The cellular changes at the site of aneurysm rupture have not previously been delineated. The results of the IHC indicate that expression of MMP-8 and -9 was dependent on mesenchymal cells native to the aorta-either SMCs, fibroblasts, or myofibroblasts-rather than infiltrating inflammatory cells. Previous studies support the mesenchymal cell as a source of MMP-1, -2, -8, and -13. 19, 20, 29, 30 IHC studies localize MMP-9 to macrophages and native mesenchymal cells. 29, 31, 32 Animal models present compelling evidence supporting the macrophage as a source of aortic MMP-9, 6 but the findings from this study contradict this and demonstrates the limitations of relating animal models to human pathology. Quantification of the percentage area fraction immunostaining for CD-15 and CD-68 failed to demonstrate a change at the rupture site, whereas CD-45 was lower. Initially, this seems contradictory but suggests that inflammation has little bearing on the terminal process of aneurysm rupture. Indeed, the paucity of neutrophils observed in this study concurs with Cohen et al, 33 who reported the absence of neutrophils except for an occasional neutrophil caught within the vasa vasorum.
A limitation of this study was the reliance on end-stage disease tissue. However, the site of anterior aneurysm wall biopsy, 5 cm distal to the left renal vein rather than at the point of maximum dilatation, was considered to represent the zone of proximal transition where the process of aneurysmal degeneration was likely to be the most aggressive. 34 Use of paired aortic biopsies to illustrate an elevated MMP concentration at the site of aortic rupture negates many of the disadvantages of using clinical material. The difference in AAA size observed between the study groups did not bias the direct comparison of MMP concentrations between groups because MMP concentrations did not correlate with the diameter of nonruptured AAA. We recognize that the extraction of matrix-bound MMPs and TIMPs is reported to be variable 29 ; however, our method used a well-established detergent-based protocol. 11 Finally this study is relatively small, and it is possible that the statistical tests used were of low power.
These findings demonstrate for the first time that elevated MMP activity mediated by native mesenchymal cells may contribute to the rupture of an AAA. Further investigations clearly are needed to determine factors precipitating MMP expression and the role of inflammation in the pathogenesis of AAA rupture.
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